The addition of ubiquitin to a target protein has long been implicated in the process of degradation and is the primary mediator of protein turnover in the cell. Recently, however, many non-proteolytic functions of ubiquitination have emerged as key regulators of cellular homeostasis. In this review, we will describe the various non-traditional functions of ubiquitination, with particular focus on how they can be used as signaling entities in cancer formation and progression. Elaboration of this topic can lead to a better understanding of oncogenic mechanisms, as well as the discovery of novel druggable proteins within the ubiquitin pathway.
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Post-translational modifications can alter the functional ability of a protein and are essential for their physiological actions within the eukaryotic cell (1) . Ubiquitination, a posttranslational modification involving the addition of a ubiquitin (Ub) 2 moiety to a protein substrate, is the primary mechanism of protein turnover in the cell and is recognized as the "traditional" function of Ub tagging. Ub-mediated proteolysis has been extensively investigated for decades, and indeed, the Nobel Prize in Chemistry was awarded to Aaron Ciechanover, Avram Hershko, and Irwin Rose in 2004 for the discovery of this mechanism (2) . Only in recent years has light been shed on the non-traditional functions of ubiquitination, that is, proteasome-independent functions of ubiquitin tagging.
The addition of a Ub moiety to a target protein is a multistep, ATP-dependent process, illustrated in Fig. 1 (3, 4) . In most cases, the first Ub molecule is added to an ⑀-amino group on a substrate lysine, but can also be added to the ␣-NH 2 group at the N termi-nus of the substrate, named N-terminal ubiquitination (5) . Ubiquitination of non-lysine sites such as cysteine, serine, and threonine has also been reported and may be a way in which cells adapt to the absence or the shielding of a lysine residue (6, 7) . Overall, the end result of Ub tagging is a mono-or polyubiquitinated protein. Polyubiquitin chains can be generated using any of the seven lysine residues on the Ub molecule, with different chain topologies resulting in different functional consequences (8) . Polyubiquitin chains linked at lysine residue 48 (Lys-48) shuttle the tagged protein to the 26S proteasome; this degradative form of ubiquitination is often termed the "molecular kiss of death" (9, 10) . In contrast, monoubiquitination and Ub chains of different topologies result in altered target protein functionality (Table 1) .
Monoubiquitination, the addition of a single Ub molecule, is heavily involved in many proteasome-independent functions of ubiquitination such as endocytosis (11) and histone modification (12) . Additionally, Lys-63-linked polyubiquitination is one of the only non-degradative chain formations with a firmly established series of non-traditional functions, for example DNA damage repair (13) , protein trafficking (14), transcriptional regulation (15) , and kinase signaling (16) .
Spence et al. (17) were the first to demonstrate that different Ub chain linkages engage in different functional roles by substituting each individual lysine residue on Ub for arginine in Saccharomyces cerevisiae and observing defects in DNA damage repair. Amino acid substitutions at Lys-63 had no notable effect on protein turnover, indicating a role for Lys-63-linked ubiquitination in non-degradative pathways. Despite this discovery, the rationale behind this differential functional role was initially unknown. It has been since established over the last two decades that the functional diversity of Ub linkages is largely dependent on the structural conformation of the polyubiquitin chain (18) . Lys-48-linked chains have a closed, compacted confirmation due to the position of Lys-48 relative to the C terminus of Ub, allowing linking Ub molecules to form a hydrophobic interface that is critical for recognition by the 26S proteasome. Conversely, Lys-63-linked chains have an extended conformation where the hydrophobic patches on the surface of the Ub molecule cannot interact with each other, leading to non-degradative roles (18, 19) .
Furthermore, the functional diversity of Ub chains has also been associated with the combinatorial effect of E2 and E3 enzymes. The human genome encodes for ϳ30 E2 enzymes within a single evolutionary family, while four distinct E3 families exist, accounting for an estimated 500 -1000 ligases. These can form thousands of specific E2-E3 combinations, the pairing of which plays a crucial role in the type of Ub chain formed and the overall fate of the substrate. For example, the E2 enzyme UbcH5c creates a Lys-48-linked chain when combined with E6-AP; however, the same E2 enzyme generates a Lys-6-linked chain when combined with BRCA1/BARD1 (20) . Christensen et al. (21) then later established a series of interactions between BRCA1/BARD1 and various E2 enzymes, each combination resulting in a different form of autoubiquitination on BRCA1.
Ubiquitination and Cancer
Because ubiquitination affects so many biochemical processes within the cell, it is not surprising that modifications in this system play a vital role in oncogenesis. The role of ubiquiti-nation in cancer has gained a high degree of interest in recent years, mainly due to the unanticipated efficacy of proteasome inhibition in the clinic (22) . Bortezomib, the first proteasome inhibitor to be evaluated in human clinical trials, was approved by the U. S. Food and Drug Administration (FDA) in 2003 for the treatment of relapsed multiple myeloma and in 2006 for mantle cell lymphoma. Acting in a dose-dependent and reversible manner, bortezomib binds to and represses the activity of the 26S proteasome, leading to the accumulation of cell cycle regulatory proteins, and as a result, apoptosis (23, 24) . A second generation of proteasome inhibitors has followed, including carfilzomib, which was approved in 2012 to treat multiple myeloma patients who have failed on prior therapies (25) , and more recently, ixazomib, the first oral proteasome inhibitor (26) . Although inhibition of the proteolytic functions of the Ub system has been a success, these therapies are mostly limited to the treatment of hematological malignancies. With increased reports of drug resistance to add to their limitations, there is a growing demand for the identification of novel druggable components of the Ub system. The therapeutic potentials of the non-degradative functions of ubiquitination, specifically the enzymes that catalyze the addition/removal of these Ub chains, have begun to attract much attention. Here, we will explore the role of these non-traditional functions of ubiquitination and their role in oncogenic pathways. The addition of a Ub moiety to a target protein is a multistep, ATP-dependent process catalyzed by three key enzymes: Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and Ub ligase (E3). Initially, the C-terminal carboxylate group of Ub is linked to E1 via a high energy thioester bond. E1 adenylates Ub and transfers it to one of its own cysteine residues, which is then shifted to a sulfhydryl group on one of the many E2 enzymes. Finally, E3 specifically catalyzes the transfer of ubiquitin from E2 to a lysine residue on the substrate protein; really interesting new gene (RING) E3 enzymes catalyze the direct transfer of Ub to the substrate, whereas homologous to the E6-AP C terminus (HECT) E3 enzymes transiently bind Ub via a thioester intermediate before the transfer of Ub. The end result is a mono-or polyubiquitinated protein, with different chain topologies engaging in different functional consequences.
TABLE 1 Functional consequences of different ubiquitination chain topologies

Chain formation Functions
Lys-48
Proteasomal degradation (84)
Lys-11
Proteasomal degradation ( 
Monoubiquitination
Histone Modification
Monoubiquitination, the attachment of a single Ub molecule to one or several lysines on a protein, has been widely implicated in oncogenesis largely due to its role in histone modification. Comprising the main structure of the nucleosome, histones are heavily subjected to many post-translational modifications, including methylation, phosphorylation, and indeed, ubiquitination. The post-translationally modified histone is a significant component of the epigenome and controls the accessibility of transcription factors to chromatin, the dysregulation of which can contribute to gene expression alteration and subsequent malignant initiation (12, 27) .
Monoubiquitination of histone H2B at position Lys-120 (H2Bub1) can regulate many key cellular mechanisms, including the DNA damage response (DDR) and transcriptional regulation, by physically disrupting chromatin to allow access for DNA repair proteins and transcription factors (12) . For example, Prenzel et al. (28) have demonstrated that proteasomal inhibition with bortezomib reduces monoubiquitination of H2B, and in turn, estrogen-driven gene expression. Although proteasomal inhibition was previously shown to alter estrogen receptor ␣ (ER␣) transcriptional activity, the mechanism by which it exerts this effect was unknown (29) . A decrease in H2Bub1 resulted in defective transcriptional elongation on ER␣ target genes, and to support this, knockdown of the H2B E3 ligase RNF40 reduced ER␣ transcriptional activity (28) . As 70% of breast cancers depend on ER␣ for growth and differentiation, elucidation of novel mechanisms that control this transcriptional machinery are vital for breast cancer treatment and management (30) . It must be noted, however, that proteasomal inhibition in breast cancer may only benefit a subset of patients, such as those with a more differentiated, ER␣/H2Bub1-positive tumor. The authors also demonstrated for the first time that H2Bub1 levels decrease during breast tumorigenesis, and may play a role in estrogen-independent proliferation. Many advanced tumors display decreased H2Bub1, which may correlate with the progressive stages of oncogenesis (12, 31) . In this study, H2Bub1 was found to be reduced in primary and metastatic breast cancers, whereas ubiquitinated levels remain uniform in benign breast tissue (28, 32) .
Further supporting this, a number of studies have found H2Bub1 to be reduced in gastric, parathyroid, and colorectal tumors (12) . Immunohistochemical staining of a 129 colon cancer patient cohort displayed weaker staining in high grade colon cancer cases, when compared with low grade and normal tissue samples (33) . Furthermore, cell division cycle 73 (CDC73), a tumor suppressor protein that is altered and/or mutated in the aforementioned tumor types, was found to regulate H2B monoubiquitination through interaction with the RNF20/40 E3 ligases. H2Bub1 was significantly down-regulated in CDC73 mutant parathyroid tumors, indicating a role for CDC73 in H2Bub1 maintenance and possibly a mechanism by which mutant CDC73 applies its oncogenic role (34) . Finally, in inflammation-associated colon cancer, down-regulation of RNF20 and H2Bub1 led to enhanced recruitment of NF-B dimers and transcription of NF-B target genes. RNF20-deficient mice were prone to inflammation-associated colorectal cancer as a result, with an excess of myeloid-derived suppressor cells that suppress T-cell activity (35) . This compelling evidence suggests that monoubiquitination of H2B acts as a tumor suppressor and a reduction in H2Bub1 correlates with a poor prognosis, and may represent a valid area of therapeutic intervention. Monoubiquitination of H2B could be restored by inhibition of its associated deubiquitinating enzymes (DUBs), USP22, USP44, and USP7 (12) . Up-regulation of USP22 has been reported in many aggressive cancers including hepatocellular carcinoma (36) and non-small cell lung carcinoma (NSCLC) (37), supporting its potential as a druggable target. A number of studies have recently outlined the identification and use of USP DUB inhibitors in cancer biology, which have been extensively reviewed by D'Arcy et al. (38) .
Fanconi Anemia (FA) Disorder
Aside from its involvement in histone modification, accumulating evidence has highlighted a key role for monoubiquitination in FA disorder. FA disorder is a rare autosomal recessive condition that is associated with bone marrow failure, developmental abnormalities, and a lifelong susceptibility to cancer: in particular, acute myeloid leukemia and head and neck cancer (39) . FA occurs when a mutation is present in any one of the 20 FA genes, all of which are critical in the repair of DNA interstrand cross-links (ICLs) (40, 41) . When cells are exposed to a DNA cross-linking agent, the FA core complex of proteins is activated and initiates the DNA repair process. A key step in this activation includes FANCD2 and FANCI monoubiquitination, which results in dimerization and formation of the ID2 complex. This complex then interacts with RAD51 and BRCA1/2 at the point of DNA damage to coordinate repair (42) . In FA patients, aberrations in the core complex will lead to the failure of FANCD2 and FANCI monoubiquitination and consequent abnormal DNA signaling. To further highlight the significance of ubiquitination in the FA pathway, a recent case study has identified an individual with a deficiency in UBE2T, the E2-conjugating enzyme responsible for monoubiquitination of FANCD2 and FANCI, with clinical symptoms of FA, identifying UBE2T as an additional FA gene (43) . Monoubiquitination of FANCD2 is therefore thought to be an essential player in DNA repair and response to DNA cross-linking agents (44) . The study of the FA pathway has been important in the understanding of how DNA damage repair defects contribute to oncogenesis, although the disorder itself is rare. As a result, elucidating the mechanisms that control ubiquitination within the FA pathway has a wide ranging applicability.
Several emerging studies have identified additional regulators of monoubiquitination of FANCD2 and expanded our understanding of the FA pathway. For example, Chun et al. (46) recently demonstrated a role for AMP-activating protein kinase (AMPK), a key regulator of cellular growth and metabolism (45) , in FA activation. AMPK was shown to interact with both FANCA and FANCG, and AMPK knockdown reduced FANCD2 monoubiquitination and enhanced sensitivity to the DNA cross-linking agent mitomycin-C (MM-C) in the U2OS cell line (46) . Furthermore, miR-302, a small non-coding RNA, was found to disrupt FANCD2 monoubiquitination and may be a novel regulator of the FA pathway (44) . Overexpression of the miR-302 cluster reduced monoubiquitination of FANCD2 in the human embryonic carcinoma cell line NCCIT. miR-302-overexpressing cells were also more sensitive to MM-C and displayed a higher degree of chromosomal breakage (44) . Finally, the DUB USP1 reversed the monoubiquitination of FANCD2 by removing Ub and inactivating the FA pathway. USP1 was found to co-localize with FANCD2 following DNA damage, whereas USP1 knockdown resulted in the accumulation of FANCD2-Ub (47) . The autocleavage of USP1 was required for down-regulation of the DUB and sufficient monoubiquitination of FANCD2 and repair of ICLs (48) . These studies highlight the importance of FA pathway interactors and may represent novel therapeutic targets. Not only could inhibition of these proteins restore FA pathway activation in FA patients, but these pathways could be manipulated to sensitize cancer patients to interstrand cross-linking agents such as MM-C and cisplatin.
On a final note, a recent study by Raghunandan et al. (49) indicated that the FA pathway is not as linear as we once assumed. Interestingly, non-ubiquitinated FANCD2 was found to accumulate on chromatin, and in concert with BRCA2 and FANCJ, it promoted aphidicolin-stalled replication fork recovery, independent of the FA core complex. The E3 ligase activity of the core complex was not required for this event to occur, indicating that the core complex members are dispensable in replication fork restart. Enhancement of replication fork recovery via this ubiquitin-independent mechanism may explain the milder FA phenotypes associated with mutations in the FA core complex (as opposed to downstream members), representing a backup mechanism when monoubiquitination of FANCD2 is impaired. The importance of monoubiquitination in the FA pathway, however, should not be dismissed, although this study provides a new angle from which we should study FA disorder.
Lys-63-linked Ubiquitination
NF-B Activation
As outlined previously, Lys-63-linked polyubiquitin chains are not involved in protein degradation via the proteasome and carry alternative functional roles. Such functions of this chain formation are well characterized and are continuously emerging as key players in cell proliferation, survival, and cancer development (16) . NF-B, a central complex of transcription factors, plays a pivotal role in immune activation and oncogenesis and is heavily regulated by Lys-63-linked polyubiquitination (50) . In the canonical NF-B pathway, ligand-receptor binding (e.g. IL-1) can recruit members of the TNF receptorassociated factor (TRAF) family of E3 ligases, which mediate Lys-63-linked ubiquitination and recruitment of TGF-␤-activated kinase 1 (TAK1). TAK1 phosphorylates and activates the inhibitor of B kinase (IKK) complex, which in turn phosphorylates IB, promoting proteasomal degradation and subsequent activation of NF-B (16, 51) . Of key interest here is Lys-63-linked polyubiquitination within the NF-B pathway, which is responsible for the scaffolding and interaction of key compo-nents of the signaling network, allowing them to work together to initiate NF-B activation (Fig. 2) . Aberrations in this network can lead to constitutive NF-B signaling and consequent cancer formation.
The IKK complex (or NEMO (NF-B essential modulator)) is responsible for the maintenance of NF-B signaling, the IKK␤ subunit of which is also polyubiquitinated by a Lys-63linked chain. Interestingly, mutations in IKK␤ at Lys-171 (K171E and K171R), which have been identified in multiple myeloma and mantle cell lymphoma cancers, result in hyperactive kinase signaling and increased Lys-63-linked ubiquitination at this residue. This in turn leads to IL-6-dependent activation of STAT3, which can stimulate the expression of a variety of genes involved in cell growth and is also a positive regulator of Ubc13, the E2 Ub-conjugating enzyme that mediates the Lys-63-linked ubiquitination of TRAF6 (52) . Continuous STAT3 activation may contribute to uncontrolled proliferation and evasion of apoptosis in cancers with IKK␤ mutations and aberrant NF-B signaling (53) . Receptor-interacting protein 1 (RIP1), which plays a role in NF-B activation following TNF binding, was found to be constitutively ubiquitinated with a Lys-63-linked poly-Ub chain by the inhibitor of apoptosis (IAP) proteins in a series of cancer cell lines. The poly-Ub chain linked to RIP1 also acts as a docking site for TAK1, which, as mentioned previously, activates NF-B. Deubiquitination of RIP1 induces apoptosis, indicating that Lys-63-linked ubiquitination elicits a prosurvival function, possibly by constitutive NF-B activation (54) . Interestingly, Lys-63-linked ubiquitination and activation of the NF-B pathway were also found to promote resistance to epidermal growth factor receptor (EGFR) inhibition in lung adenocarcinoma. Treatment with afatinib or erlotinib induced Lys-63-linked ubiquitination of TRAF2 and subsequent complex formation with RIP1 and the IKK complex, resulting in NF-B activation and a mechanism by which cancer cells evade death following tyrosine kinase inhibition (55) .
In the search for novel regulators of NF-B activation, Golgi phosphoprotein 3 (GOLPH3) has been identified as a key driver of Lys-63-linked ubiquitination of TRAF2, RIP, and the IKK complex in hepatocellular carcinoma, an aggressive malignancy that is heavily dependent on NF-B signaling. GOLPH3, an oncoprotein responsible for tubule and vesicle formation, accelerated levels of Lys-63-linked ubiquitination when overexpressed, although the mechanism by which this occurs remains unidentified (56) . In addition, recent evidence has suggested a role for human T-cell leukemia virus type 1 (HTLV-1) Tax protein, a constituent activator of NF-B activity and key player in the formation of adult T-cell leukemia, in the Lys-63linked ubiquitination of anti-apoptotic protein MCL-1 through its interaction with TRAF6. This interaction caused TRAF6 to relocate to the mitochondria and ubiquitinate MCL-1 with a Lys-63-linked chain. This prevents degradation of MCL-1 and a poor response to chemotherapeutic agents in adult T-cell leukemia (57) . Likewise, the T-cell IRAK1/4 signaling pathway was also found to activate TRAF6 and stabilize MCL-1, highlighting the clinical potential of TRAF6 inhibition and Lys-63-linked ubiquitination in T acute lymphoblastic leukemia (T-ALL) (58) .
The TRAF family of proteins is of particular interest here due to their dysregulation in many cancer types. For example, TRAF6 was found to be up-regulated in colon tumor tissue and was associated with tumor grade. Sun et al. (59) also demonstrated that knockdown of TRAF6 slows proliferation in the RKO colon cancer cell line. Likewise, knockdown of TRAF6 in a series of lung cancer cell lines inhibited the invasive potential of the cells and promoted apoptotic cell death. In the same study, Lys-63-linked ubiquitination of TRAF6 was also observed alongside constitutive NF-B signaling in the SPC-A1 human lung cancer cell line (60) . Furthermore, TRAF2 has been identified as an oncogene that is amplified and rearranged in 15% of epithelial cancers. Knockdown of TRAF2 in multiple epithelial cancer cell lines harboring a TRAF2 copy number gain resulted in decreased cell proliferation and NF-B activation (61) . This cumulative evidence indicates that the TRAF family of E3 ligases may be the most viable therapeutic target in NF-Bdriven malignancies.
Deubiquitination within the NF-B Pathway
Many DUBs have been identified as tumor suppressors due to their ability to remove Lys-63-linked Ub chains within the NF-B pathway. Dysregulation of these tumor suppressor DUBs has been shown to confer a malignant phenotype. For example CYLD, which can negatively regulate NF-B signaling by specifically deubiquitinating Lys-63-linked Ub chains on TRAF2 and NEMO, is the primary susceptibility gene in familial cylindromatosis, an autosomal dominant genetic disorder that leads to the formation of multiple tumors on the scalp (62). Knockdown of CYLD was found to be anti-apoptotic, possibly the mechanism by which loss of CYLD is oncogenic (63) . Furthermore, the Ub-modifying enzyme A20 can remove Lys-63linked Ub chains from RIP and subsequently ubiquitinate the protein for degradation using its dual DUB/E3 ligase activity (64) . This has been identified as one of the key mechanisms by which A20 exerts an inhibitory effect on NF-B activation, and is recognized as a key tumor suppressor in many cancers as a result (65) . In contrast, USP2 has been identified as a positive regulator of NF-B signaling. When USP2 was knocked down, nuclear translocation of NF-B was inhibited, along with downstream target gene expression. The authors also demonstrate that USP2 is differentially regulated in breast cancer and tends to localize in the cytoplasm only in tumor tissue. This indicates that USP2 may play a role in breast cancer tumorigenesis, and as aberrant NF-B signaling is common in this cancer, its therapeutic potential should be further explored (66) . This evidence illustrates the importance of Lys-63-linked ubiquitination in aberrant NF-B activation and identifies Lys-63linked ubiquitinated proteins (and the E3 ligases driving their formation) as potential drug targets in cancers that are driven by NF-B signaling.
Akt Signaling
Recent studies have also indicated a role for Lys-63-linked ubiquitination in the regulation of Akt signaling. An imperative member of the phosphoinositide 3-kinase (PI3K) signal transduction pathway, Akt has been recognized as a hub of cell signaling and is involved in cell growth, proliferation, and survival, and has been identified as a key player in the initiation and development of many human malignancies (67, 68) . The posttranslational regulation of Akt is widely recognized and has been extensively reviewed by Chan et al. (69) ; however, only in recent years has the regulation of Akt signaling by ubiquitination come to light. Several studies have demonstrated that Akt is targeted by multiple E3 ligases for Lys-48-linked ubiquitination and degradation by the proteasome. However, the studies mentioned below have outlined that Akt is also a substrate for Lys-63-liked ubiquitination and is a key mechanism by which mutated or hyperactive Akt provokes an oncogenic phenotype. For example, mutant Akt E17K, which is found in a subset of human cancers including breast, ovarian, and colorectal (70), has a higher basal level of Lys-63-linked Ub when compared with wild type. Blocking this hyperubiquitination prevents Akt localization to the membrane, indicating that E17K Akt applies its oncogenic role via this mechanism (16) .
It was initially assumed that phosphorylation by PDK1 and mTORC2 was the primary mechanism by which Akt is hyperactivated in oncogenesis, but this did not indicate why cancers with normal PI3K pathway activity continued to display aberrant Akt signaling. It was then later established that Lys-63linked ubiquitination of Akt is responsible for recruitment of the kinase to the cytoplasmic membrane, where it is activated by phosphorylation. This modification may induce a conformational change, allowing Akt to interact with a putative chaperone protein and aid in its membrane recruitment. TRAF6 was identified as the E3 ligase mediating Lys-63-linked ubiquitina-tion of Akt, with overexpression resulting in increased phosphorylation at Thr-308 and Akt activity in primary mouse embryonic fibroblasts (71) . Alongside TRAF6, the Skp2 SCF E3 ligase complex was also found to induce Lys-63-linked ubiquitination of Akt in response to EGF signaling via the human epidermal growth factor receptors (HER). Interestingly, Skp2 overexpression correlated with activation of Akt and breast cancer progression, identifying Skp2 as a novel prognostic marker in HER2-positive patients. Chan et al. (72) demonstrated that Skp2 deficiency sensitizes HER2-positive tumors to trastuzumab treatment, highlighting the clinical potential of targeting E3 ligases, and in turn, Lys-63-linked ubiquitination.
Atypical Ubiquitination
Overview
Although the non-degradative functions of monoubiquitination and Lys-63-linked ubiquitination are well established, the functions associated with atypical chain formations have been elusive for a long time. Some of these functions have been characterized in recent years; for example, Lys-11-linked ubiquitination has been identified as a regulator of cell division (73), whereas Lys-29-and Lys-33-linked Ub chains have been found to regulate AMPK-related kinases (74) . Nonetheless, information on the role of these atypical Ub chains in oncogenesis is sparse, with the focus primarily falling on the deregulation of the DDR.
BRCA Signaling
The BRCA1 tumor suppressor protein is a widely recognized key player in the DDR. Patients with mutations in the BRCA1 gene produce a truncated BRCA1 protein, leading to impaired DNA damage repair and increased risk of developing early onset breast and ovarian cancer. BRCA1 contains a RING finger domain within the N terminus of the protein that catalyzes the formation of Ub chains when it forms a heterodimer with BARD1: an interaction essential for the E3 ligase activity of BRCA1 (75, 76) . Although the majority of BRCA1 mutations affect the C terminus of the protein, a number of missense mutations affect the RING finger coding region within the N terminus. Patients with the C61G missense mutation in the RING finger domain displayed reduced levels of E3 ligase activity, indicating that the BRCA1/BARD1 heterodimer is important to the tumor suppressor function of BRCA1 (20, 77) . A comparative mutational analysis involving the BRCA1/BARD1 heterodimer and the E3 ligase E6-AP revealed that BRCA1/ BARD1 catalyzes the formation of Lys-6-linked Ub chains and has a preference for this form of chain linkage. It was later demonstrated by Morris and Solomon (75) that BRCA1/ BARD1 catalyzes the formation of Lys-6-linked Ub chains during S phase after treatment with hydroxyurea, an agent that inhibits ribonucleotide reductase, and in turn, DNA replication. Relocation of BRCA1 to points of double strand breaks following ionizing radiation treatment was also observed, as determined by ␥H2AX and BrdU incorporation. Ubiquitination was also observed at these sites, demonstrating a role for BRCA1 at DNA damage foci. Mutational analysis on a series of lysine residues, whereby lysine was converted to arginine (K11R, K33R, K29R, K48R, and K63R), indicated that the majority of Ub conjugation was taking place at Lys-6. Transfection of K6R in the MCF7 cell line resulted in a reduction of conjugated Ub in both hydroxyurea-treated and non-treated cells.
To further support these findings, Elia et al. (78) demonstrated for the first time that endogenous Lys-6-linked ubiquitination (as well as Lys-33-linked ubiquitination) is increased in response to DNA damage induced by UV radiation. Remarkably, there is also evidence for the involvement of Lys-27-linked ubiquitination in the DDR. The E3 ligase RNF168 was found to catalyze the formation of Lys-27-linked Ub chains on histones H2A and H2A.X following DNA damage. These specific Ub chain topologies are recognized by several of the DDR proteins, including 53BP1, Rap80, and BRCA1, and are crucial for the normal DDR activation (79) . This strongly suggests a role for atypical polyubiquitination in DNA damage repair, although the exact mechanisms by which these chains can elicit this function should be further explored. Importantly, elucidation of the mechanisms by which BRCA partakes in the DDR is critical to the field and will advance our understanding of the role of BRCA in both familial and sporadic breast and ovarian cancer.
Concluding Remarks
Up to now, the role of non-traditional ubiquitination in cancer has been relatively understudied, with focus falling primarily on the degradative functions and how these can be targeted in the clinic. With the recent emergence of many high profile studies in this topic, the role of non-traditional ubiquitination within key oncogenic pathways has come to light. The Ub system now represents an attractive area for therapeutic intervention, and the development of novel inhibitors to act within this biomolecular pathway may be a feasible task. The inhibition of E3 ligases may be one of the most attractive approaches, as these enzymes target a limited number of substrates and contain an enzymatic catalytic site for which a small molecule inhibitor can be specifically designed (80) . DUB inhibition is also an emerging area of interest, with many large pharmaceutical companies now investing in this class of drugs (81) . Several DUBs have been described as key players in tumorigenesis, and as cysteine proteases, they also represent a very "druggable" class of proteins (38) . To support this, there are a number of drug candidates in preclinical development with several DUB inhibitors already validated at an in vitro level (82, 83) .
Here, we have highlighted the emerging role of non-traditional ubiquitination in oncogenic pathways, and although more research is required to determine the effectiveness of targeting such mechanisms, this form of ubiquitination may represent a novel area of therapeutic interest in the oncology arena.
